The sea state bias (SSB) is a large source of uncertainty in the estimation of sea level from satellite altimetry. It is still unclear to what extent it depends on errors in parameter estimations (numerical source) or to the wave physics (physical source).
no SSB-specific consideration was made in analysing the results. there is no official SSB model for that mission.
76
For these reasons, we aim in this work at computing a high-frequency, regional and 77 retracker-dependent SSB correction in order to improve the performances of HF altimetry 78 data. This is done in two subsequent steps. Firstly, we show that a simple application The novelty compared with previous studies consists in i) an approach to reduce the 84 retracker-related noise starting from HF data rather than the LF of Zaron & DeCarvalho 85 (2016) , ii) the adoption of regionally focused corrections as suggested by Tran et al. (2010) 86 and iii) the provision of a SSB correction for the ALES retracker, which is the algorithm 87 chosen for the current phase of SL cci.
88
The test regions are defined together with the data sources in section 2; the method-89 ology for SSB derivation and analysis is described in section 3; results are presented and 90 discussed in section 4; the work and its perspectives are finally summarised in section 5. 
Data and Region of Study
In this study HF observations from the Jason-1 mission are used. By choosing this 93 mission, 7 years of data (January 2002 to January 2009) including cycles 1-259 (before 94 the start of the drifting phase) can be exploited and at the same time comparisons can 95 be made with the latest studies focused on SSB (Tran et al., 2010; Pires et al., 2016) .
96
The HF (20 Hz) data were extracted from the DGFI-TUMs Open Altimeter Database
97
(OpenADB: https : //openadb.dgf i.tum.de) and are publicly available upon request.
98
The OpenADB contains data from the original Sensor Geophysical Data Records (SGDR
99
Version E) and from the Adaptive Leading Edge Subwaveform (ALES) reprocessing.
100
The SGDR product provides the orbital altitude, all the necessary corrections to com- and given as output of ALES (Passaro et al., 2014) . We computed the wind speed starting 104 from the backscatter coefficient from the two retrackers using the processing described in 105 Abdalla (2012).
106
The sea level anomalies (SLA) are derived from the range measurements using exactly 107 the same orbital altitude and corrections (for tides and atmospheric effects), except,
108
of course, the SSB correction, for both SGDR and ALES. Unrealistic estimations are weights. The result is a 2D map of the SSB against wind speed and SWH.
Methods

127
• 20-Hz SSB is the SSB correction derived by using the same 2D map from Tran et al.
128
(2010) and obtained courtesy of Ngan Tran from Collecte Localisation Satellites, but 129 computed for each HF point using the HF wind speed and SWH estimations from 130 SGDR and ALES. As previously mentioned, the computation of the current SSB 131 model is based on an empirical relationship between three retracked parameters.
132
While part of it is due to the physics of the waves and will manifest itself at LF, the 133 model contains also a relation that is due to the correlated errors in the estimation,
134
which is performed at HF. This was already noted by Zaron & DeCarvalho (2016), 135 who stated that "the development of the SSB correction involves, in part, removing the correlation between SSH and SWH" and "it will have some impact on the short- retracker-related noise must be an aim for future work, but goes beyond the scope 142 of this paper, the original SSB model of the SGDR product is here applied at HF 143 to consider its impact on the short wavelengths.
144
• Reg SSB is the SSB correction derived using the regional parametric models com-145 puted using the methodology described in 3.2 and then applied to each HF point 146 using the HF wind speed and SWH estimations from SGDR and ALES. ( 1) where U 10 is the wind speed computed from the backscatter coefficient estimated by each 155 retracker, g is the acceleration due to gravity,α andd are the two parameters to be 156 estimated.
where o and e stand for odd and even tracks (indicating ascending and descending tracks 163 respectively), accounts for residual errors that do not depend on the missing SSB 164 correction and:
We have therefore a set on m linear equations, which we can express in vectorial form:
Equation 5 is solved in a linear least square sense, giving one value ofα for eachd.
167
Finally, the chosenα-d couple is the one that maximises the variance explained at the 168 crossovers, i.e. the difference between the variance of the crossover difference before and 169 after correcting the SLA for the SSB using the computed FG model.
170
This derivation is shown in Figure 2 for SGDR and ALES in the two regions of study.
171
The chosend coefficients are indicated by a vertical line in the panels.α is then derived 172 as a function of d. A discussion of these results is given in Section 4.2. and ALES (b) dataset. In all the plots, lines referring to the Med (NS) are specified in blue (red).
Vertical lines highlight the optimald value.
for corrections applied to range measurements from satellite altimetry, for example wet tropospheric correction (Fernandes et al., 2015) , inverse barometer correction (Carrère purposes we use the latest formulation proposed by Pires et al. (2016) : the scaled SLA 189 variance differences, which illustrate the impact of different SLAs relative to the regional 190 variability, with the following formulation:
Waveform data are subject to speckle noise leading to short-scale variations in the 193 derived parameters. As this multiplicative noise is independent from one waveform to its 
200
The real values for SLA and for SWH will, in general, vary slowly over scales of are only applied at 1 Hz, and so will not affect the connection between these terms. 
210
When using a simple parametric model to estimate the SSB correction, its robustness 211 will be influenced by the SWH and wind speed data distribution in the region of study. any wind-wave condition. There are in total over 10 7 measurements in both regions, the 215 color bar is saturated at 10 3 measurements to highlight the conditions that happen rarely. 
In order to better visualise the application of these models, Figure 
257
In Table 1 the variance at the crossover before and after the application of the SSB 
Noise statistics
271
In this section we study the performances of the SLA corrected by different SSB 272 models using the statistics described in Section 3.3.1. Firstly we consider the noise quantified as difference of consecutive HF SLA measure-ments. We estimate for each cycle the average noise binned in 25-cm intervals of SWH. 
286
The application of the 20-Hz SSB decreases both the noise at low sea states and 287 the slope of the noise curve. This corresponds to the effect observed by Garcia et al.
288
(2014) when applying a 2-pass retracker to decouple SWH and range estimation and 289 is again proof that SSB should be applied at HF, because it includes retracking errors 290 that are strongly sea-state dependent. On top of that, further improvement of the same 291 kind is brought when the Reg SSB models from Equations 7 are applied. Notably, the 292 improvement is of a similar magnitude for both SGDR and ALES and therefore it is not 293 only attributable to the need of a specific correction for a different retracker. This means 294 that our regional high-frequency empirical parametrical SSB correction is superior to the 295 global non-parametric SSB model, even if the latter is applied at HF. It must be stressed 296 that the metrics used in this paper, which follow what is done in previous works on the 297 corrections to the range estimated by radar altimetry, are focused on improvements of 298 the precision, i.e. the repeatability of a HF sea level estimate, which can be quantified 299 by a reduction in the HF variance. An evaluation of the improvement in accuracy shall 300 rely on external data, such as tide gauges, and can be the subject of a future validation 301 study involving other regions as well.
302
To better quantify this improvement, we compute the scaled SLA variance difference 303 in the two regions of study on a 1-degree grid for SGDR in Figure 6 and for ALES in by choosing a reference and a challenger dataset: in this way, panels a and b show the areas and the necessity of a dedicated regional processing.
319
To summarise using the statistics in 
337
The regression term β represents a residual retracker-related noise, which is partly 338 compensated for by the SSB correction. This analysis shows that applying SSB models 339 at the full data rate and recomputing a regional model as described in this paper reduce 340 the correlation between SLA and SWH estimation. 
Conclusions
This study demonstrates, using Jason-1 mission as a testbed, that the combination of 343 the use of HF estimations and a regional parametric approach provide a SSB correction 344 that improves the precision of HF sea level data by more than one fourth with respect to 345 the current standard.
the so-called "tracker bias", which is actually due to correlated errors in the retracking 348 process and is therefore called "retracker-related noise" in this study following Zaron & 349 DeCarvalho (2016) . This error is not correctly modeled in a LF SSB correction.
350
Another improvement is brought by a dedicated regional approach, which showed that that their combined effect can be modelled together. While this exploratory study demon-359 strates that this assumption produces more precise estimates than the current SSB model 360 applied at 1-Hz, we cannot exclude that the separate treatment of the two components 361 could generate an even better SSH estimation. The general aim of the research on SSB 362 shall be therefore to work on a retracked dataset that is free from the retracker-related 363 noise, in order to correct for the physical effects of the interaction between the radar 364 signal and the waves. This is therefore one objective of our future work, which shall also 365 further investigate regional differences, understand if the latter are present also when us-366 ing a non-parametric approach and focus on high sea states, which are poorly represented 367 in our model.
368
In conclusion, while providing a significantly more precise solution to exploit HF sea 369 level data, this study gives robustness to previous theories on SSB, proposes a method to 370 reduce the retracker-related noise alternative to Zaron & DeCarvalho (2016) 
